Carbohydrate polymers are the most abundant organic substances on earth. Their degrees of polymerization range from tens to thousands of units, yet polymerases generate the relevant lengths without the aid of a template. To gain insight into template-independent length control, we investigated how the mycobacterial galactofuranosyltransferase GlfT2 mediates formation of the galactan, a polymer of galactofuranose residues that is an integral part of the cell wall. We show that isolated recombinant GlfT2 can catalyze the synthesis of polymers with degrees of polymerization that are commensurate with values observed in mycobacteria, indicating that length control by GlfT2 is intrinsic. Investigations using synthetic substrates reveal that GlfT2 is processive. The data indicate that GlfT2 controls length by using a substrate tether, which is distal from the site of elongation. The strength of interaction of that tether with the polymerase influences the length of the resultant polymer. Thus, our data identify a mechanism for length control by a template-independent polymerase.
C
arbohydrate polymers have myriad and fundamental physiological roles that depend on their length. Polysaccharides that form macromolecular structures require physical and chemical properties that arise from high degrees of polymerization. Examples of critical polymers that contain hundreds to thousands of monomeric units include cellulose (1) (2) (3) , hyaluronic acid (HA) and related materials found in the extracellular matrix of eukaryotes (4) (5) (6) , and polysaccharides that form protective capsules around bacteria (7) . An alternative role for high-molecular-weight polysaccharides is as reservoirs of stored energy, and polymers in this class, such as starch, form semicrystalline granules that allow energy to be densely deposited (8) (9) (10) . Contrastingly, polysaccharides that function in signaling tend to be shorter, presumably because signaling depends on the recognition of distinct epitopes. Indeed, short HA polymers of only 100 monomeric units induce inflammatory responses and activate parts of the immune system, whereas full-length HA strikingly mediates the opposite effects (4) (5) (6) . A role for polysaccharide length in function also is observed for polysaccharide virulence determinants, such as the O-antigens. Their ability to protect Gram-negative bacteria from environmental stress and to facilitate immune evasion depends on their length, which can range from tens to hundreds of monomeric residues (7, (11) (12) (13) (14) . Last, oligosaccharides that function to connect 2 larger macromolecules are usually short. For example, oligosaccharides that link the mycolic acids to the peptidoglycan in the mycobacterial cell wall contain tens of monomeric residues (15, 16) . These examples underscore that control of polysaccharide length is critical for proper biological function.
Little is known about how biosynthetic enzymes control polysaccharide length. Carbohydrate polymers are synthesized by enzyme-catalyzed chain-growth polymerization reactions in which monomer units add successively to the growing end of an acceptor. For biosynthetic polymerizations, the mechanism of length control depends on the mechanism of elongation, and elongation can occur by either a distributive or a processive mechanism. A distributive polymerase releases the elongating polymer into solution after each catalytic addition of monomer unit, whereas a processive polymerase retains the elongating polymer through multiple catalytic rounds of monomer addition (17) . In a distributive polymerization, product lengths occur statistically in a Poisson distribution (18) . In a processive polymerization, however, product lengths are determined by when the enzyme releases the growing polymer into solution. For template-dependent processive polymerizations, such as transcription and translation, polymer length is encoded by the template. In contrast, template-independent processive polymerizations, such as those that mediate polysaccharide synthesis, lack a template-encoded termination signal. Thus, processive carbohydrate polymerizations require other mechanisms for length control.
Our investigations into the synthesis of an essential polysaccharide in mycobacteria have yielded insight into length control for a template-independent polymerization. The mycobacterial cell wall contains a polymer of galactofuranose (Galf ) residues, termed the galactan, which serves as a covalent connector between the peptidoglycan and the mycolic acid-arabinan layer. The galactan is a linear polymer composed of 20-40 Galf residues (19) . Its formation is mediated by the essential galactofuranosyltransferase GlfT2 (the product of the Mycobacterium tuberculosis gene glfT2, also known as Rv3808c) (20, 21) . It was postulated that GlfT2 serves as a polymerase that catalyzes multiple transfers of Galf residues from the donor UDP-Galf to the nonreducing end of a lipid-linked initiator oligosaccharide acceptor (Fig. 1, compound 1) (22) (23) (24) (25) (26) . GlfT2 had been shown to add up to 4 Galf residues to synthetic acceptors (26) . Still, the reported products of GlfT2-catalyzed reactions with synthetic acceptor analogs did not approach the length of the galactan. Thus, it was unknown how galactan length is regulated and whether GlfT2 alone exerts control.
We used synthetic chemistry to elucidate factors that influence galactan length. We focused on incorporating key features of the natural substrate into synthetic acceptors. The presence of a lipid in the putative endogenous acceptor suggested to us that this moiety plays a role in GlfT2 binding. To examine this issue, we synthesized compounds 2-6, which contain disaccharides of Galf attached to lipids of various lengths ( Fig. 1 and Fig. S1 ). Investigations with these compounds reveal that GlfT2 can control polymer length through a tethering mechanism.
this hypothesis, we assessed the ability of compound 5 ( Fig. 1) to serve as an acceptor substrate for GlfT2. When crude enzymatic reaction mixtures were analyzed by MALDI-TOF MS, the products possessed as many Galf residues as are found in the natural galactan (19) . Specifically, GlfT2 added up to 27 Galf residues to compound 5 ( Fig. 2 and Table S1 ). These results indicate that GlfT2 alone can catalyze the formation of Galf polymers of the appropriate length for cell wall biosynthesis.
GlfT2 Uses a Processive Mechanism for Galactan Polymerization. We next considered how GlfT2 controls the length of polymers generated. An intriguing feature of the aforementioned reactions suggested a possible mechanism. Specifically, the product distribution was skewed toward the larger polymers (Fig. 2 ), yet a significant peak corresponding to unelongated compound 5 was observed (Fig.  S2 A) . These observations together suggest that, rather than releasing product after the addition of 1 monomer unit, GlfT2 retains the acceptor through multiple cycles of monomer addition. If this analysis is correct, length control by GlfT2 should depend on a processive, not distributive, elongation mechanism.
Many polymerases are processive enzymes: they bind their substrates and perform multiple rounds of catalysis before dissociation (17, 28) . To test directly for GlfT2 processivity, we adapted an assay that has been used to evaluate the processivity of nucleotide polymerases (18) . Specifically, reactions were conducted under conditions that minimize multiple binding events between the acceptor and the polymerase. In reactions that contain acceptor 5 in 1,000-fold molar excess of GlfT2, a product containing multiple Galf residues would be generated only if GlfT2 retains the precursor for multiple cycles of elongation. Accordingly, a finding that compounds containing multiple Galf residues appear at early time points would indicate that GlfT2 is processive. Conversely, the exclusive appearance of compounds with only 1 or 2 Galf residues would indicate that GlfT2 is distributive. We found that even at short reaction times (2 min), products corresponding to the addition of multiple Galf residues were present (Fig. 3) . These data indicate that GlfT2 uses a processive mechanism for polymerization.
A Tethering Model for Length Control. Given that GlfT2 is a processive polymerase, its ability to control polymer length is intriguing. Distributive polymerization reactions afford products with a statistical distribution of lengths; long lengths are generated only after long reaction times or after many cycles of substrate complexation, monomer unit addition, and product release. In contrast, product lengths that result from processive polymerizations depend on when the polymerase releases the bound polymer. That an enzyme can carry out a processive polymerization reaction yet give rise to length control seems paradoxical: to achieve length control, a processive polymerase must prevent polymer dissociation at shorter lengths yet release the polymer at the appropriate length. For template-dependent polymerases, both requirements for processive length control are met by high-affinity binding of the growing polymer and template to the polymerase. These polymerases, including DNA and RNA polymerases, possess an extended binding site that interacts with repeating units of the growing polymer (17) . This subsite-binding model has been generally proposed for processive enzymatic reactions (29) , including template-independent polymerizations by members of the glycosyltransferase family (30) (31) (32) (33) . Although tight binding of repeating saccharide units could prevent polysaccharide dissociation, it is unclear how, in the absence of a template, subsite binding would allow for length control.
To probe this mechanistic question for GlfT2, we tested whether it uses the carbohydrate subsite-binding mechanism for processivity. Reactions of GlfT2 with compound 2 were analyzed. We designed this putative acceptor to have an alkyl lipid similar to those used in known GlfT2 acceptors that, unlike 5, are not fully elongated ( Fig. 1) (25, 26) . If GlfT2 used the carbohydrate subsitebinding mechanism for processivity, both compounds 5 and 2 should be polymerized processively. Both acceptors contain identical saccharides, and the addition of Galf residues to either acceptor would provide a growing polysaccharide with identical chemical properties for interaction with carbohydrate-binding subsites of GlfT2 (Fig. 1) . In our comparison of acceptors, compound 2 afforded products elongated by, at most, 4 Galf residues (Fig.  S2B) . These results are similar to those obtained by others (26, 27) , but they contrast with data obtained by using 5. The latter findings suggest that the lipid substituent, and not solely the saccharide, is a key determinant of processivity.
To examine further this difference in acceptors, we compared the kinetics of elongation for compound 5 versus 2. Because GlfT2 produces UDP after addition of each Galf residue to an acceptor, GlfT2 turnover was monitored with a continuous assay in which UDP production was coupled to NADH oxidation (34) (35) (36) . Both compounds 2 and 5 were similarly competent for catalysis, with steady-state k cat values of 1.04 Ϯ 0.03 s Ϫ1 (compound 5) and 0.8 Ϯ 0.1 s Ϫ1 (compound 2), but the GlfT2-catalyzed reaction of compound 5 reached half-maximal steady-state velocity at a 27-fold lower concentration of compound 5 (K 1/2 value of 66 Ϯ 2 M) than with compound 2 (K 1/2 value of 1,800 Ϯ 700 M; Fig. S3 ). Taken together, the kinetic and mass spectrometry data indicate that GlfT2 can elongate both compounds 5 and 2, but it functions as a processive polymerase only with compound 5. The sole structural difference between compounds 5 and 2 is the lipid group distal to the end that undergoes elongation, indicating that the lipid substituent is crucial for processivity.
We further investigated the role of the lipid substituent by examining GlfT2 activity with compounds 3 and 4, which are analogous to compound 5 yet bear a shorter lipid. We reasoned that this series could provide more insight into whether the length of lipid is important for polymer formation. These studies reveal that although compound 4 gives rise to polymers (Fig. S4) , the disaccharide 3, which possesses the shortest lipid, does not (Fig. S2C) . These studies indicate that only substrates with lipids of sufficient length can afford polymeric products. One potential explanation for these results is that they are rooted in the abilities of the different substrates to form micelles under the assay conditions. We tested this possibility, and the results indicate that the ability of a given substrate to give rise to polymeric products is not related to its ability to form micelles (Fig. S4 ). These data reveal the importance of lipid length on processive polymerization.
The finding that the substrate lipid substituent is an important determinant of processive elongation led us to postulate that it serves as a tether (Fig. 4) . Thus, the acceptor substrate occupies not only the active site but also a lipid-binding secondary site. Because lipid binding would prolong the lifetime of the enzyme-acceptor complex, this bivalent binding mode should facilitate processive polymerization. To test the feasibility of the tethering mechanism, reaction conditions were varied to distinguish between monovalent and multivalent binding. The tethering hypothesis involves multipoint binding, and interactions of this type are kinetically labile in the presence of unbound ligand (37, 38) . Specifically, if a tethered ligand dissociates from 1 subsite, free ligand can compete for this unoccupied subsite (39) . In contrast, free ligand concentration does not affect the rate of dissociation of a ligand bound at a single binding site. Thus, if GlfT2 binds its substrate through tethering, higher concentrations of unelongated acceptor in solution will increase the rate of complete dissociation, and thereby promote polymer termination; therefore, an increase in the population of short polymers should be observed at higher acceptor concentrations. When reactions were conducted with lower initial concentrations of acceptor 5, at both early (Fig. S5 ) and late (20 h; Fig. 5 ) time points, longer polymers were obtained (Fig. 5) . These results indicate that compound 5 engages in multipoint binding.
The tethering model gives rise to an inherent mechanism for length control. As the length of the polymer increases, dissociation will compete more effectively with elongation (39, 40) , and the processive polymerization will terminate (Fig. 4) . Accordingly, in the presence of a compound that can compete for one of the subsites and thereby disrupt tethering, shorter polymers should be produced. Because the endogenous GlfT2 acceptor contains a polyprenyl lipid, a lipid such as geranylgeranyl pyrophosphate (GGPP) should compete with the substrate for GlfT2 binding and thereby inhibit polymer formation. Indeed, in enzymatic reactions of 5, the presence of GGPP resulted in shorter products (Fig. S6) . Another prediction of our model is that a tether with augmented affinity will afford longer polymers. We therefore synthesized compound 6, which bears a longer lipid than compound 5 (Fig. 1) . We predicted that compound 6 will bind with increased affinity to the secondary site on GlfT2. Thus, if elongation occurs through tethering, the product distribution obtained from compound 6 versus compound 5 should be shifted to higher-molecular weight polymers. Indeed, compound 6 was elongated to give products with a mass distribution that is higher than that obtained for compound 5 (Fig. 6, Fig. S7 , and Table S2 ). These data provide additional evidence for a role for the lipid in tethering and highlight how the tether can influence polymer length.
Discussion
Tethering Facilitates Both Processive Polymerization and Length Control by GlfT2. Our results reveal how the template-independent carbohydrate polymerase GlfT2 controls polysaccharide length. GlfT2 carries out a processive polymerization that yields polysaccharides with degrees of polymerization (DPs) in accord with those of the mycobacterial galactan (Figs. 2 and 3) . The data indicate it achieves this control through tethering. Processive polymerization and length control can result when GlfT2 interacts with both acceptor ends (Fig. 4) . Processive complexes of GlfT2 and acceptor are labile in the presence of unelongated acceptor (Fig. 5) , and stronger tethering by the lipid affords longer polymers (Fig. 6) . These results are consistent with bivalent binding of acceptor to GlfT2.
By using bivalent binding to enable both processivity and length control, tethering represents a solution to the paradox of how a template-independent polymerase prevents premature termination, yet can release polymers when they are an appropriate length. At initiation, tethering facilitates processive polymerization by prolonging the lifetime of the enzyme-acceptor complex. As polymerization proceeds, tethering influences length by affecting how readily the polymer dissociates. During processive polymerizations, after each addition of monomer unit, polymerization continues because dissociation occurs more slowly than further elongation. When the rate of dissociation exceeds the rate of elongation, however, polymerization terminates (18, 41) . For a tethered substrate, the addition of residues to the growing polymer is predicted to increase its conformational entropy, which in turn increases its rate of dissociation.
GlfT2 Exhibits a Degree of Length Control Similar to Other Carbohy-
drate Polymerases. Although GlfT2 uses a processive mechanism, it does not produce polymers of a single length (Figs. 2 and 3) . Rather, it produces a range of polymers that are distributed around an expected length, an observation that is consistent with data indicating galactan polysaccharides isolated from mycobacteria are polydisperse (19, 23) . These findings highlight an important difference between template-dependent and template-independent polymerizations. In general, the products of template-dependent polymerizations must be a single specified length to function properly in biological information transfer. Hence, these processes require mechanisms for strict length control. In contrast, the products of template-independent polymerizations, such as those that give rise to polysaccharides, can function over a range of lengths. Therefore, template-independent carbohydrate polymerizations would not require mechanisms for exact control of length to yield functional polysaccharides.
In accord with this prediction, many biologically active polysaccharides are polydisperse. For example, the isolation of bacterial lipopolysaccharide O-antigen carbohydrates affords materials of different sizes (7, 14, 42, 43) . The size range is modally distributed around a particular length, and differences in degrees of polymerization correspond to the repeating monomer units of the Oantigen (14, 42) . Similarly, a distribution of lengths is observed from analysis of products of peptidoglycan glycosyltransferase reactions (44, 45) . Last, large polysaccharides, such as cellulose and HA, are polydisperse (3) (4) (5) . These examples indicate that the level of length control exhibited by GlfT2 is typical of carbohydrate polymerases.
The polydispersity observed in biological polysaccharides suggests that carbohydrate polymerases generally do not terminate polymerization at a particular threshold length. This product distribution is consistent with that expected from the tethering mechanism. Such reactions generate products with a range of lengths, and the mass distribution is determined by the strength of the interaction of the tether with the polymerase-stronger tethering shifts the range to higher masses. Tethering is a general process that may used by a variety of carbohydrate polymerases that exhibit intrinsic length control. For example, it has been proposed that the lengths of bacterial capsular polysaccharides are dictated by loss of affinity of a glycosyltransferase for a polymer beyond certain lengths (7), especially in ABC-transporter or synthase-dependent pathways (7, 14) . It is unclear how other proposed mechanisms for length control (7, 14, 33, (45) (46) (47) could lead to the product DPs generated. Polymerases that produce larger polysaccharides, such as HA, may also use tethering for length control. Different isozymes of human hyaluronan synthases inherently produce different size distributions of HA in vitro. It has been hypothesized that increased movement within longer chains could cause polymer release and terminate HA polymerization (5), and tethering could provide a showed products with a greater degree of polymerization than those from reactions with higher initial substrate concentrations. In each spectrum, the peak that had the highest intensity of the group of high-molecular-weight peaks is labeled with n, which corresponds to [M ϩ Na] ϩ , where M equals the mass of compound 5 plus n Galf residues. The value of n increased with decreasing initial concentrations of compound 5. Fig. 6 . Improved tethering leads to increased polymer lengths. The mass spectrum, from m/z ϭ 5,000 to m/z ϭ 9,000, is shown from a MALDI-TOF MS analysis of a 20-h incubation of a reaction mixture that contained His 6-GlfT2, UDP-Galf, and compound 6. Peaks that correspond to m/z values of [M ϩ Na] ϩ , in which M equals the mass of compound 6 plus n Galf residues, are labeled with the value of n. Unlabeled peaks have m/z values that correspond to the loss of the lipid moiety from elongation products, presumably because of fragmentation. Products are observed up to n ϭ 48.
mechanism for such length-dependent affinity. Thus, tethering may serve as a general strategy for length control in the biosynthesis of a variety of functional polysaccharides.
Polysaccharide-Binding Domains in Other Carbohydrate Polymerases
Could Facilitate Processivity Through Tethering. Many biologically important polysaccharides are thought to be synthesized in a processive manner, but it is unknown whether the corresponding glycosyltransferases use tethering. Consistent with the paradigmatic mechanism for processivity, it has been proposed that carbohydrate polymerases bind the repeating saccharide units in the growing polymer by using a glycan-binding domain (30) (31) (32) . This model resulted from a comparison of sequences of glycosyltransferases within the GT-2 family of inverting ␤-glycosyltransferases (www.cazy.org). The GT-2 family encompasses nonpolymerizing glycosyltransferases as well as polymerizing glycosyltransferases, such as cellulose synthase, hyaluronan synthase, and GlfT2. Although polymerizing transferases share some conserved sequence features with nonpolymerizing transferases, they also contain other conserved sequence motifs that are unique (30) . The latter sequences have been predicted to form a glycanbinding region in the active site to facilitate processivity through tight binding of the nascent glycan chain (48) .
Evidence for a glycan-binding domain has been found in a GT-2 family glycosyltransferase that catalyzes the formation of a streptococcal capsular polysaccharide (33) . This enzyme requires an octasaccharide primer for processive synthesis, and it was hypothesized that 8 residues are needed for tight association with the enzyme (33) . In another example, the formation of polysialic acid by polysialyltransferases requires a domain of basic amino acid residues, and this domain was found only in the sialyltransferases that have polymerase activity (49) . These 2 examples support the hypothesis that glycan binding serves as a processivity determinant. Thus, like the lipid in the GlfT2 acceptors, an initiator oligosaccharide sequence could serve as a tether in the biosynthesis of a variety of polysaccharides.
Implications for Mycobacterial Galactan Biosynthesis. The finding that the acceptor lipid is important for GlfT2 processivity provides insight into the site of galactan biosynthesis within mycobacteria. This pathway is thought to be localized to the cytoplasmic face of the membrane because lipid-linked galactan intermediates are found in membrane fractions, and the donor, UDP-Galf, is assumed to be located in the cytoplasm (15) . Previous studies showed that GlfT2 activity fractionates with mycobacterial membranes (22, 25) , but the role of this association is unclear. Our results that indicate that GlfT2 requires the lipid portion of the acceptor for processive polymerization provide a functional context for the association of GlfT2 with the membrane: interaction of GlfT2 with the membrane would enable GlfT2 to access both ends of the acceptor for polymerization.
Prospects for Inhibiting Mycobacterial Galactan Biosynthesis. The tethering model has ramifications for developing new treatments of diseases caused by mycobacteria, including tuberculosis. Inhibitors of mycobacterial galactan biosynthesis may serve as valuable therapeutic leads for tuberculosis and drug-resistant tuberculosis (21, 50) . Because the gene encoding GlfT2 is essential for mycobacterial viability (20, 21) , inhibition of GlfT2 activity represents an untapped strategy for preventing mycobacterial growth. The tethering model predicts that inhibitors that target both the lipid-binding and catalytic sites of GlfT2 would be highly potent. Therefore, strategies for fragment-based lead discovery (37) may yield effective inhibitors of GlfT2, and therefore guide the development of new antimycobacterial agents.
Materials and Methods
Synthesis of Acceptor Substrates. Detailed methods and characterization for the synthesis of compounds 2-6 can be found in the SI Methods.
Engineering of His 6-GlfT2. The gene glfT2 was amplified from the genomic DNA of M. tuberculosis H37Rv (provided through the National Institutes of Health, National Institute of Allergy and Infectious Diseases Contract N01 AI-75320) and cloned into the pET-24a expression vector (Novagen). The His 6 sequence for purification was added to the N terminus of glfT2 by using QuikChange mutagenesis (Stratagene). Detailed methods, including primer sequences, can be found in the SI Methods.
Production of His 6-GlfT2. The construct pET-24a:his6glfT2 was transformed into Tuner (DE3) Escherichia coli cells (Novagen) by electroporation and plated on Luria broth (LB) agar containing 50 g/mL kanamycin. A starter culture (50 mL of LB with 50 g/mL kanamycin) was inoculated with a single-colony transformant and incubated overnight at 37°C. Larger-volume cultures (1 L of LB with 50 g/mL kanamycin) were inoculated with the starter culture (4 mL) and incubated at 37°C with shaking until OD at 600 nm exceeded 0.80. The cultures were then cooled in ice water for 1 h, then isopropyl ␤-thiogalactopyranoside (IPTG) was added to 0.3 mM final concentration, and the cultures were incubated for 18 h at 15°C. Cultures were harvested by centrifugation (5,000 rpm in a JLA-8.1000 rotor; Beckman-Coulter), and the cell pellets were frozen at Ϫ80°C until further use. Cells were lysed by thawing on ice and resuspending in HisTrap loading buffer (50 mM Hepes, 25 mM imidazole, and 500 mM NaCl, pH 7.4). Protease inhibitor mixture III (Calbiochem), Triton X-100 [0.1% (vol/vol)], and lysozyme were added to the lysis mixture. Cell lysate was then sonicated (Branson Sonifier 450, tip setting no. 7, constant duty cycle, cycles of 10 s on and 2 min 50 s off) until viscosity decreased. Cell debris was removed by centrifugation (22,000 ϫ g, 1 h, 4°C). Soluble lysate was filtered through a 0.44-m nylon filter (Millipore) and applied at 1.0 mL/min to a 5-mL HisTrap column (GE Healthcare) that had been equilibrated with HisTrap loading buffer on an AKTA FPLC system (GE Healthcare). The column was washed until the UV absorbance at 280 nm reached the baseline level. Then, a linear gradient from 0% to 100% HisTrap elution buffer (50 mM Hepes, 500 mM NaCl, and 500 mM imidazole, pH 7.4) was applied to the column over 20 column volumes. Fractions containing His 6-GlfT2 were identified by SDS/PAGE and were sufficiently pure for enzymatic assays. Glycerol was added to 10% (vol/vol) final concentration to His 6-GlfT2 fractions, and the glycerol stocks were flash-frozen in liquid N 2 and stored at Ϫ80°C until further use.
Galf Transferase Activity Assay and Analysis by MALDI-TOF MS.
A sample of His 6-GlfT was dialyzed twice into 2 L of 50 mM Hepes (pH 7.4), 100 mM NaCl, and 5 mM EDTA by using 10,000 molecular weight cut-off dialysis cassettes (Pierce Biotechnology). Protein was assayed by using the BCA assay (Pierce Biotechnology) with BSA as a standard. Reaction mixtures of 120-L total volume contained final concentrations of 0.2 M H6GlfT2, 200 M acceptor, 1.25 mM UDP-Galf in 50 mM Hepes, 25 mM MgCl 2, and 100 mM NaCl, pH 7.0 (buffer was added from 10ϫ concentrated stock solution). Reactions were incubated at room temperature for a specified time, and then 120 L of 1:1 MeOH:CHCl 3 was added to quench the reaction. Quenched reaction mixtures were evaporated to dryness in a SpeedVac SC100 (Varian) under vacuum. Dried reaction mixtures were resuspended in 50 L of a saturated solution of ␣-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 0.1% trifluoroacetic acid, and 2 L of the resuspended reaction solution was spotted onto a stainless steel target (Applied Biosystems) for analysis by MALDI-TOF MS in either linear or reflectron mode (using a Voyager DE Pro; Applied Biosystems). Mass spectra were calibrated by using external standards (angiotensin II and bovine insulin). For the time course assays, larger-volume, single-pot reactions were set up by scaling each component volumetrically. At each time point, 120 L was withdrawn from the reaction and added to a separate tube that contained the quenching solution. After quenching, the time points were analyzed as described above in this section. Reactions to test the dependence of maximal extent of polymerization on acceptor concentration were set up with various concentrations of acceptor and were allowed to incubate for 20 h at room temperature. These reactions were quenched and analyzed as described above. Compounds 3 and 6 were dissolved as stock solutions in 100% MeOH. Upon dilution, reactions containing compounds 3 or 6 as an acceptor included MeOH [final concentrations were up to 5% (vol/vol)]; these amounts of MeOH did not influence product length in control reactions of GlfT2 with compound 5. For reaction mixtures containing GGPP (Sigma), GGPP was added to a desired final concentration, and equivalent volumes of MeOH (up to 4 L) were included in the 120-L reaction solution. After quenching, the appro-priate volume of GGPP was added to reactions that had no GGPP to control for any effects of GGPP on the ionization efficiency of the products.
Coupled Enzyme Assay to Measure UDP Production by His6-GlfT2. In a quartz cuvette, the following were mixed to give a total volume of 120 L: buffer (50 mM Hepes, 25 mM MgCl 2, and 100 mM NaCl (pH 7.0); diluted from a 10ϫ stock): 300 units of pyruvate kinase (Sigma), 20 units of lactate dehydrogenase (Sigma), 250 M NADH, 500 M phosphoenolpyruvate, and 0.2 M His6-GlfT2. Absorbance at 340 nm was monitored over time in a Cary 50 Bio UV-Visible Spectrophotometer (Varian) until a steady baseline was reached (usually 2 min), then UDP-Galf was added to 1.25 mM. Absorbance at 340 nm was again monitored, then acceptor substrate was added to the desired concentration. Absorbance at 340 nm was monitored over time. The steady-state rate was calculated from the slope of the linear portion of the decrease in absorbance over time by using ϭ 6,300 M Ϫ1 ⅐cm Ϫ1 for NADH (34) .
